The potencies of the carbapenems; doripenem (DRPM), meropenem (MEPM) and imipenem (IPM) in preventing the emergence of carbapenem-resistant mutants were examined in Pseudomonas aeruginosa strains. The carbapenems predominantly selected carbapenem-resistant mutants or carbapenem mutants with reduced susceptibilities that were specifically resistant to carbapenems and had arisen as a result of the reduced level of expression of the outer membrane protein with a molecular weight of about 48,000 (OprD). The potency of carbapenems in preventing the growth of the mutants differed for DRPM, MEPM and IPM. The isolation frequency of the mutant was examined on agar plates containing each of the carbapenems at a concentration of 1/2 or 1/4 MIC of each carbapenem for that mutant. Mutants were not selected on agar containing DRPM at a frequency of greater than 10 Ϫ9 per cell per generation, whereas mutants of each strain were selected on agar containing MEPM or IPM at frequencies of 10
Introduction
Pseudomonas aeruginosa is an opportunistic pathogen for immunocompromised patients. The organism has both an intrinsic and acquired resistance to many antibiotics [1, 2] , and treatment of infection by this organism is difficult. Carbapenems have a high potency against a broad spectrum of organisms and are one of the most active groups of blactam antibiotics against P. aeruginosa.
There is a group of carbapenem resistant P. aeruginosa strains that is specifically resistant to carbapenems and which does not show cross resistance to other b-lactams or other antibiotics. This type of imipenem (IPM)-resistant P. aeruginosa mutant was first isolated during clinical trials of IPM for the treatment of serious infections caused by P. aeruginosa [3] . The IPM-resistant mutants of P. aeruginosa were found to lack a 45 KD to 49 KD protein [3ϳ6] in the outer membrane protein D2 (OprD), which forms a channel specific to IPM and its structural analogues [7] .
In this study, we investigated the potency of doripenem (DRPM) [8ϳ12], meropenem (MEPM) and IPM in preventing the emergence of carbapenem-resistant mutants under laboratory conditions.
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Materials and Methods
Bacteria, and Media
One hundred and forty-four clinical P. aeruginosa isolates were examined for carbapenem resistance. Of the 144 strains, 100 strains were isolated from Gunma University Hospital, 30 strains from Isesaki City Hospital, Isesaki City, Japan, and 14 strains from Gunma Chuo-hospital, Maebashi, Japan. Mueller-Hinton (MH) (Nissui, Tokyo, Japan) broth and MH agar or antibiotic medium 3 (AB3) (Difco, Detroit, Mich.) and AB3 agar were used to test the MICs for each antibiotic. Agar plates were prepared by adding 1.5% agar to broth medium. All bacterial strains were grown at 37°C. MICs obtained using MH medium and AB3 medium were not essentially different (data not shown). Mutation frequencies and the kinetics of bacterial growth were examined for each medium. As a result, AB3 medium was used throughout this study for its capacity to maintain a stable pH during course of bacterial growth.
Determination of MICs
MIC was determined by the agar dilution method. Overnight cultures of the strains grown in broth were diluted 100 times with fresh broth. One loopful of each dilution was plated on agar plates containing two-fold serially-diluted antibiotics. The plates were incubated for 18 hours at 37°C.
Antibiotics
Antibiotics used in this study were as follows: DRPM (a new carbapenem that had been developed by Shionogi Pharmaceuticals, Osaka) [8ϳ12], MEPM (Sumitomo Pharmaceuticals, Osaka), IPM (Banyu Pharmaceuticals, Tokyo), piperacillin (PIPC, Toyama Chemicals, Tokyo), ceftazidime (CAZ, Tanabe Pharmaceuticals, Osaka) and gentamicin (GM, Schering-Plough K.K., Osaka) and ofloxacin (OFLX, Daiichi Seiyaku Co., Ltd., Tokyo).
Isolation Frequency of Mutant
The frequency of isolation of the mutant was estimated using the following equation for mutation frequency [13] : Mutation frequency per cell per generationϭ[PϪP0/1n(P/ P0)] where P0 and P0 are, respectively, the proportion of mutant cells and the total number of cells in the culture at the start of the experiment, and P is the proportion of mutant cells after incubation when the number of total cells has risen to P.
Analysis of Outer Membrane Proteins (OMPs)
The OMPs of all strains were analyzed by SDS-PAGE of the sarkosyl insoluble fraction of membrane-preparation as described by Spratt [14] . Throughout this study, the OMPs of the carbapenem-resistant mutants of the representative strains obtained in each experiment were examined to confirm whether the mutants lacked, or had reduced amount of, OMP of molecular weight 45,000ϳ49,000 (data not shown).
Results
Distribution of Carbapenem MICs among P. aeruginosa Isolates
The carbapenem resistance levels (MICs) of the 144 strains of P. aeruginosa were examined. There was a bi-modal distribution of the MICs for each drug in these strains (data not shown). However, the MICs showed a continuous distribution, and there was no complete break between the bi-modal distributions. The MICs of DRPM for these strains ranged from 0.1 to 1.6 m g/ml, and from 1.6 to 12.5 m g/ml. The MICs to MEPM ranged from 0.1 to 1.6 mg/ml, and from 1.6 to 50 mg/ml. The MICs of IPM for these strains ranged from 0.1 to 6.3, and from 6.3 to 100 m g/ml. The MIC 90 values of DRPM, MEPM, and IPM were 3.2, 6.3, and 25 m g/ml, respectively. Ten carbapenem susceptible strains were chosen for further study. The susceptibilities to carbapenems and other antimicrobial agents by the ten strains are shown in Table 1 . Figure 1 shows a typical result of the growth inhibition of the P. aeruginosa GP17 strain. The MICs of DRPM, MEPM and IPM for the parent strain GP17 were 0.1, 0.1 and 1.6 mg/ml, respectively.
Appearance of Colonies of Carbapenem-resistant Mutants within the Zone of Growth Inhibition
In experiments with IPM and MEPM, there were several colonies within the clear zone of growth inhibition, or on the border between the clear zone of growth inhibition and the zone of cell growth. However, there were no colonies within the clear zone of growth inhibition when DRPM was used. The colonies that grew within the clear zone of growth inhibition in the MEPM or IPM experiments, or on the border in the MEPM experiment showed MIC values of 1.6 mg/ml to DRPM, 3.2 mg/ml to MEPM and 25 mg/ml to IPM. The MICs of PIPC, CAZ, GM and OFLX for the mutant strains were the same as those of parent strain. SDS-PAGE gel analysis of the OMPs of the representative mutant strain showed a marked reduction in a specific OMP with a molecular weight of about 48,000 (data not shown). These results indicated that the mutant resulted from the reduced expression of OprD and they exhibited reduced susceptibility or resistance to DRPM, MEPM, or IPM compared to the parent strain [3, 6, 7] . These results also suggested that both MEPM and IPM could specifically select for the carbapenem reduced susceptible mutants or carbapenem-resistant mutants of P. aeruginosa strains, and that DRPM could prevent growth of the mutants at a concentration that would inhibit cell growth. Throughout this study, the term "carbapenem-resistance" was used to where a mutant had reduced susceptibility to carbapenems compared to its parent strain, and not as any indication of absolute MIC.
Plating of Viable Cells of Each Strain on Selective Agar Plates Containing Different Concentrations of Each Carbapenem and the Carbapenem-resistance Level
To examine the presence of carbapenem-resistant mutants in the bacterial cell population that could arise during cell growth and to show quantitatively the results of Fig. 1 , the number of cells of broth culture from each strain that grew a Throughout this study, the drug susceptibilities of the mutant strains isolated in the presence of each selective drug of DRPM, MEPM and IPM were examined. The phenotype of drug susceptibilities of the mutants derived from a given strain were not essentially different in each experiment in this study. The drug susceptibilities of the representative mutant strains are shown in this table.
Fig. 1.
Presence of carbapenem-resistant mutants within zones of growth inhibition of P. aeruginosa around cup containing carbapenem on agar plate.
0.1 ml of overnight culture of P. aeruginosa strain was spread on AB3 agar plate. Three cups were placed on the agar plate. 0.2 ml of 0.8 mg/ml of each carbapenem was put into each cup and the plate was incubated at 37°C for 18 hours. Colonies that grew in the clear zone of growth inhibition were purified on a drug free agar plate and resistance levels to carbapenems were examined by agar dilution methods. on selective agar plates containing different concentrations of each carbapenem was determined (i.e., population analysis) [15] . The results are shown as a survival curve in Fig. 2 .
Almost all inoculated cells from each strain grew on the selective agar plates containing a drug concentration under the strain specific MIC of each carbapenem. The number of bacterial cells of each strain that grew on the selective agar plate containing the strain specific MIC of each carbapenem was around 10 2 to 10 4 cell per ml. A number of colonies from each strain were grown on selective agar plates containing drug concentrations above the strain specific MIC of each drug. The drug concentration for MEPM ranging from the strain specific MIC to the drug concentration required for the complete inhibition of cell growth in each strain was greater than the drug concentration ranges of DRPM and IPM. The drug concentration range corresponded to the relatively wide zone of incomplete inhibition of cell growth by meropenem between the zone of complete inhibition and the zone of no inhibition of cell growth, as shown in Fig. 1 .
Ten colonies of each strain grown on selective agar plates containing half of the concentration of each drug required for the complete inhibition of cell growth in each strain were examined for their drug resistance levels. One or two of the colonies that grew on the DRPM plates of GP2, GP33 and GP59 showed a carbapenem resistance (MIC) that was twice the DRPM concentration for the complete inhibition of cell growth, while the other colonies from each strain had the same level of carbapenem susceptibility as that of the parent strain. The ten colonies grown on the MEPM plates showed carbapenem resistance (MIC) that was the same level as the MEPM concentration for the complete inhibition of cell growth. The ten colonies grown on IPM showed carbapenem resistance (MIC) that was the same or twice the level of the IPM concentration for complete inhibition of cell growth.
The mutants selected with a given carbapenem showed resistance only to carbapenems and were susceptible to other antibiotics ( Table 1 ). The SDS-PAGE gel of OMPs from a representative mutant from each strain showed a marked reduction in the specific OMP of around 48,000 molecular weight (data not shown).
Isolation Frequency of Carbapenem-resistant Mutants of P. aeruginosa Strains Grown in Broth without Carbapenem
The results of the population analysis shown in Fig. 2 implied that the isolation frequencies of carbapenemresistant mutants would be different for the selective drugs DRPM, MEPM, and IPM when mutants are selected at a given concentration of each drug for each strain. The drug concentration for the selective agar plates was half the MIC of DRPM and MEPM, and 1/2 or 1/4 the MIC of IPM for the mutant of each strain.
Carbapenem-resistant mutants of the strains were not selected on selective agar plates containing DRPM, however, they were selected on selective agar plates containing MEPM or IPM at a frequency of around 10 Ϫ7 to 10 Ϫ9 per cell per generation ( Table 2 ).
The carbapenem-resistant mutants tested from a given parent strain that had been selected with DRPM, MEPM, or IPM had the same resistance phenotype to carbapenems, and susceptibility to other antibiotics as the parent strain ( Table 1) .
OMPs of P. aeruginosa Strains
The OMPs of the representative strains and the carbapenem-resistant mutants shown in Table 2 were examined (Fig. 3) . The OMPs of the GP3 and GP33 parent strains and the carbapenem-resistant mutants isolated from the selective agar plates containing either DRPM, MEPM, or IPM are shown in Figs. 3A and 3B, respectively. The OMPs of the representative mutant of each strain of the GP2, GP17 and GP66 strains are shown in Figs. 3C, D, and E, respectively. Marked reductions in the concentration of a specific outer membrane protein with a molecular weight of around 48,000 were observed for each of the mutants.
Increased Carbapenem-resistance Level (MIC) of P. aeruginosa Strain after Incubation with Carbapenem
If the carbapenem-resistant mutants arise during growth of the strain in broth culture, and the mutant strain can be increased selectively in the presence of carbapenem, the MIC of the carbapenem for the broth culture will increase beyond that seen for the parent strain.
The maximum resistance levels (MIC) of DRPM were lower than those of MEPM or IPM (the highest for the three carbapenems) for all strains tested (Fig. 4) . The drug concentration ranges in broth cultures that gave rise to the maximum-resistance levels to each carbapenem in each strain were different for each of the carbapenems. The maximum resistance level to DRPM for each strain was obtained with broth cultures containing drug concentrations ranging from 1/4 or 1/2 MIC to MIC or twice MIC (Fig. 4) . The maximum resistance level to MEPM for each strain was obtained with broth cultures containing drug concentrations ranging from 1/4 or 1/2 MIC to greater than MIC,with levels of four, eight or 16 times the MIC for each of the strains being observed (Fig. 4 ). The maximumresistance level to IPM for each strain was obtained with broth cultures containing drug concentrations ranging from 1/2 MIC to MIC, or two to four times the MIC for each of the strains. The drug concentrations of DRPM in the broth culture of each strain needed to select for carbapenemresistant mutants showed a narrower drug concentration range than those of MEPM.
The range of DRPM concentrations required in broth culture to prevent growth of the mutants at the concentrations below the DPRM MIC for the carbapenemresistant mutants of each strain were greater than those of MEPM, and equal to or greater than those of IPM.
Discussion
The mutants of the P. aeruginosa strain selected on agar Five representative strains are shown. Population analysis of each P. aeruginosa strain was carried out. Viable titers and antibiotic resistance levels (population analysis) of bacterial cells from each strain were determined by plating 0.1 ml diluted cultures on an AB3 agar plate containing different concentrations of each carbapenem. After overnight incubation of the plates at 37°C, the number of colonies was counted. Ten colonies from each strain that were picked from colonies grown on an agar plate containing one quarter or half of the drug concentration which completely inhibited cell growth of each strain were purified on drug free agar plates three times, and then examined for resistance levels to each carbapenem. The arrow shows that all colonies examined have stable resistance levels to each carbapenem. Viable cell number of each strain grown on selective agar plates containing different concentrations of DRPM (A), MEPM (B), and IPM (C), respectively, were counted. Symbols, ᭺, GP17; ᭝, GP33; ᮀ, GP59; ᭹, GP2; ᭡, GP3.
plates containing each of the carbapenems exhibited resistance or reduced susceptibility to carbapenems, and showed the same susceptibility to other antibiotics as the parent strain. The mutant strains exhibited a marked reduction in the concentration of a specific outer membrane protein with a molecular weight of about 48,000. These data indicated that the carbapenems predominantly selected carbapenem-resistant mutants that lacked or had a reduced expression of D2 porin (OprD) [3ϳ7], although there was also a possibility that a mutant with increased expression of MexAB-OprM would be present in the culture [16ϳ19].
The anti-pseudomonas activities of carbapenems are affected by carbapenem-specific porin OprD a To determine the drug concentrations for selective agar plates, preliminary experiments were performed several times with different concentrations of each carbapenem for selective agar plates for each strain, and the isolation frequency of the mutant and the carbapenem-resistance levels were examined, and the most competent concentration of each carbapenem for each strain to specifically select the carbapenem-resistant mutant was determined. The data obtained in the experiment shown in Fig. 3 were also used to determine the drug concentration.
not IPM, are also decreased by the increased production of the efflux protein MexAB-OprM [16, 17, 19, 21] , although this mechanism rarely confers outright nor does it confer high level resistance. It confers almost the same level of resistance as is seen in the altered OprD-derivative [19, 21] . This type of mutant is predominantly selected by carbenicillin or CAZ [19] . A multiple resistance mechanism requiring both a lack of OprD for influx and increased expression of MexAB-OprM for efflux would be required to confer a relatively high resistance to MEPM and DRPM for P. aeruginosa [17, 19, 22ϳ24] . This type of mutant has been isolated by selection of a MEPM-resistant mutant from a OprD deficient derivative on agar containing MEPM [23] . This type of double mutant would not be selected readily during carbapenem therapy [19, 21, 23, 24] . The MIC 90 values of DRPM for P. aeruginosa strains were one dilution lower than those of MEPM and eight dilutions lower than IPM, indicating that the MICs of IPM were the highest of the three carbapenems [9, 12, 19] . DRPM resembled MEPM, and was more effective than IPM with respect to the MICs for P. aeruginosa strains. However, the potency of selection for the mutant cells or the potency of growth prevention of the mutant cells was different for DRPM, MEPM and IPM. A combination of population analysis to determine the presence of the carbapenem-resistant mutant in the culture of each strain ( Fig. 1 and Fig. 2) , the calculation of the isolation frequency of the carbapenem-resistant mutant on agar containing each carbapenem (Table 2) , and experiments to selectively increase the carbapenem-resistant mutant in broth culture containing different concentrations of each carbapenem (Fig. 4) resulted in our drawing the following conclusions: IPM and MEPM selected the carbapenemresistant mutant at the drug concentration that inhibited growth of the parent strain at a frequency of around 10
Ϫ7
ϳ10
Ϫ8 per cell of the culture. However, DRPM could not specifically select the mutant strain at a drug concentration capable of inhibiting growth of the parent strain. In contrast to MEPM and IPM, the mutant could not be selected on agar at concentrations of four to 16 times the MIC of DRPM for the parent strain, which were 1/2 MIC for the mutant strains. The maximum drug concentrations of DRPM, MEPM, and IPM in the broth culture that allowed selective increase in carbapenem-resistant mutant in the broth culture were 1/8 to 1/16 MIC of DRPM, 1/2 to 1/4 MIC of MEPM and 1/2 to 1/16 MIC of IPM for the mutant strains, respectively. These data indicated that DRPM has the greatest potency in preventing the emergence of the carbapenem-resistant mutants. The present study suggested that the clinical evaluation of DRPM for the prevention of the emergence of the mutant strain may be worthwhile. 
